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SUMMARY

!l?heoretioalperformancedatabased on equilibriumisentropio
expansionaml constant-composition(frozen)isentropicexpansion
froma mmbustlon-c&miberWessure of 20.4atmospheres(300lb/sq in.
absolute)to an ambient~essure of 1 atmosphereare @resentedfor
a rangeof mixturesfor fourrooket-propellantcouiblnationsof
diborsmewith liquidfluorine,liquidfluorinemide, liquidoxygen,
and 100-peroenthydrogenperoxide. The theoreticaldata include
ccmibustion-clamberand nozzle-exittemperatures,specificimpulse,
afi volumespecificimpulse. Compositionati mean moleculaxweight
of the reactionprcductsare givenfor both the conibustionchaiber
and the nozzleexit. “

The -imum specificimpulsefor all the combinationsoocurred
in the fuel-riohregion. On the basis of maximumspecificiqpulse,
the four oxidantsreactingwfth diboraneassumedthe followingorder:
liquidfluorine,liquidfluorineoxide,liquidoxygen,and 100-peroent
hydrogenperoxide. On the basis of oabulated maxlnumzvolumespe-
oifio@ulse, the orderof the four midants reactingwith diborane
was: liquidfluorinec=ide,liquidfluorine,100-peroent3@rogen
peroxide,and liquidoxygen.

INTRODUCTION

Considerableinteresthas been shownin some of the berm com-
potis as rooketpropellantsbeoausetheirhigh heat of mnibustion
per unitweightitifoatesa high specificimpulse...

Pentaboraneand diboransare two of the more significantof the
baronhydridestier considerationbecausechemicallythey=re suf-
ficientlystableto permitsynthesisand use. Pentabwane ks several
advantages over dibcmaneinoludim hi&mr densityand boilingpoint,
but dib&ane is more readilyavaifibl;and
cmbustion exist.

more dah on Its h&t of”



Ccmputedperformanceof diboraneand liquidoxygen for three
mixtureratiosunderequilibrium-expansionconditionsami for a
rangeof mixtureratios@er frozen-expansicmconditionsis pre-
sentedin reference1. A theqmetioalami experimentalinvestigation
of bmon mmpoumi.sas rooketfuelsis being conductedat the NACA
lawis laboratoryand calculationsare reportedhereinthatwere
made fromDeoeniber1947 to May 1948. Thesecomputationsextendthe
mixturerange of referenoe1 far dibm?aneand liquid.oxygenand,
in addition,giveperformanoe overa considerablemixturerangeof
diboranewith liquidfluorine,liquidfluorineoxide,* hydrogen
peroxide. The resultsincludecombustion-chambertemperature,
nozzle-exittemperature,specifio impulse,volumespeoifio impulse,
ocunposition,and mean moleoularweightas funotionsof mixture
rat io.

METHODOF CALCULATION

The cml.culationof specificimpulseinvolves
of the gas ocmtpositionand the temperaturein the
and at the nozzleexit. The produotsof reaction
expandft%ma mmbustion-chamberpressureof 20.4

the detemnination
mmbustim chamber
were assumedto
atmospheres

(300lb/sqin. absolute)to an ambientpressureof 1 atmosphere.
The idealgas lawswere used.

The moleculesconsideredto be presentin the gas phasefor
the appropriatereactionswere: atomichydrogen H, hydrogen E2,
watervapor H20, hydroxylradical OH, hydrogenfluoride BF,
boronhydride BH, atomicoxygen O, oscygen02, borontri-
oxide B203, boronoxide BO, atomicfluorine F, fluorine F2,
borontrifluorideHF3, boronfluoride BF, atomicboron B, and
diatomicboron B2. At nozzle-exittemperaturesbelow2000°K,
liquidborontrioxide B203 was also includedbut boron B in the

liquidand solidstates,whichcouldalsobe present,was neglected.
The boilingpointof boron is givenas 2823°K in reference2
(p.1750). For many of the calculations,the liquidand solid
statesof bororiwouldnot be presentand, for the remainingcal-
culations,the effecton specificimpulseis probablysmall.

The theoreticalperformancewas calculatedon the basisof
constantenthalpyfrom the fuel and the oxidantat the assumed
initialstateof the propellants(tankconditions)to the stateof
the reactionp~ducts h the combustionchaaiber. The term

enthalpy J$ is definedby

.
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where

~ heat of fmmation at 0° K, oaloriesper mole

T temperature,OK

‘P specifioheatat oonstantpressure,oal.oriesper mole per %

The supersorlpto denotesthe tha’modynamioIBtandardreferenoe
stateof unit activity;the stxbscriptT denotesthe absolutetem-
peraturein de~ees Kelvin. After the enthalpyof the fuelplus the
cuidantat Initialstateswas calculated,the ocmbuetiontemperature
was obtainedby simultaneouslysolvingthe equationsfm equilibrium,
massbalance,aml enthalpyby a methcdof sucx$essiveapproximations.
The equationf= enthalpyof the reaotionis

where

%( reactants) enthalpyof reaotantsat initialstates,oalories

%L moles of pro&uot i

(q)i enthalpyof prduot i, caloriesper mole

TTE nozzle-exittemperaturewas oaloulat~ on the assumption
that chemioalequilibriumprevailedthroughoutex~nsion (equilib-
ria expansion)and on the assumptionthat no chemloalrecctnbination
tookplaoe (frozenexpmslon). b eaoh ease,Isentroploexpansion
was assuredby mmparlng the entiopyof the fluidat the exit Se
to the entropyof the fluidin the conibustionchamber So.

.
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‘i
molecularweightof prcduct i

(q)t absolute,entropyof produot i, oalariesper mole per %

R gae constant,1.98714 oalorlesper mole per %

‘i pwtfal pressureof produot 1, atmosphere

Speoifioimpulse I (lb-see/lb)was oalml.atedfrcm the difference
in enthalpybetweenthe combustionohamberand the nozzleexitby
the equation

Volumespecificimpulse Id (lb-seo/(cuft)(62.43)orgram-soo/co)
is also included.

TEERM3CHTMICALTMTA

The heatsof formationof dfborane B2H6, boron*ioxide B2~,

and borontrifluoride~3 were takenfromreferenoe3. Some

uncertaintyexistsconcerningthe themchemical da- f~ me WiOW
statesof boronand its compo-s. The heat of combustionof dlborane
with oxygen,however,is not stijectto so much questionad is
givenby referenoe3 as 510 kilocaloriesper mole. The valueof the
heat of formationof B2H6 has been givenas -44 kilocaloriesper
mole in reference3, -29.5kilocaloriesper mole inreferenoe4, and
reoentlya valueof 26 kllocalmiesper mole In reference5. (Heat
liberatedis consideredto be negative.)All the datapresentedherein
are basedon a heat of formationof -44 kilocalcn?iesper mole for
diborane. One calculation,however,was made for the stolchiometrio
mixtureof diboraneand liquidoxygenusingthe valueof 26 kilo-
caloriesper mole and the specificimpulsewas 2.5 percentlower
thanby usingthe valueof -44 kilooalales. The h-t of *mition
of ~03 (-rphous) to ~03 (ms~lline) w= ne~ected. The

effeotof this
impulsevalues

assumptionIs smalland will
on the orderof 0.7 percent.

.
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The heatsof formationof hydrogenfluoride HF and at-o
fluorine F were takenfromreference6. The lowervalm
((1/2)(63.5k-cal))@venfor F was usedbecauseit is the basis
of the thermodynamicpropertiesof F and F2 (reference6). The
heatsof formationof H20, O, OH, and H were obtainedfrom
reference7. The sensibleenthalpiesand entropiesof HF, F,
and F2 were takenfio?nreference6 and thoseof ZO, 0, 02,
OH, H, ati ~ fromreference7.

The heats of fusionanl vaporizationof B S@ ~03, the

heatsof formationof BO and B, and the sensibleenthalpiesand
free energiesof B203, B, Bat eud BO to 5000°Kwere taken
fromreference8. The functionsfor B were extendedto 6000°K
in the.samemannerinwhfoh the calculationswere made in refer-
enoe 8. Wee energy,sensibleenthalpy,- en*oPY of ~3 ~

the idealgas statefkom 298.16°to 1000oK were takenfromrefer-
ence 9 anl extendedto 6000°K frcm spectroscopicdata of referenoe10,
by assumingthatthe B% moleculeis a rigidrotatm and a harmonic
oscillator.

Similemcalculationswere alsomade for BH and BF frcm the
speotrosoopicdata of reference11. The 3SCstatewas consideredthe
groti statefor BF becauseno otherinformationwas foul in
the literature.The valuesof enthalpy,entropy,eu@ free e==
for B%, BF, BH, end B =e listedin tablesI, II, a&lIII,
respectively.

The propellantswere takenas liquidsat the followinginitial
temperatures:

Propellant
(100percent)

Diborane
Fluorine
Fluorineoxide
Oxygen
HJdrogenperoxide

Initialtemperature
(%)

298.16
. 85.16
128.30
90.10
298.16

Liquid B2H6 was usedat 298.16% becauseno specific-heat
datawere availableto ad@st the initialtemperatureto or below
the boilingpoint. The effecton specificimpulseof usingthis

.
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initialtemperaturefor B2H6 is sn&U.ami an errorin the opposite
direotim azxlof the sameorderof magnlttiewas introducedwhen the
heat of transitionof B203 (amorphous)to B203 (orystallfne) was
negleoted.

The densityof diboraneinoreasesas the temperatureis louered
and thereforethe highestdensityreportedin referenoe12
(0.4818gram/ooat -129°C) was usedfor the computationof volume
specifiuImpulse. Additi& physioalad thermoohmloalproperties
of
to

dib~ ti the oxidantscmsideredwere takenfrm referencesM
16 and me givenin tableIV.

RIISUL!lSAND DIS~ION

The perfamanoe~ters of dlboranereactIngwith liquid
fluorine,liquidfluorineoxide,liquidcmygen,and 100-peroent
hydrogenperoxide=e plottedagainstthe peroentby weightof fuel
in the mtiturein figure1. The quantitiesplottedfor eaoh oanbina-
tion for both frozenand equilibriumeqanelone are ocmbustion-
chambertemperatureTo, nozzle-exittamperatm Te, speoifio
impulse 1, volumespecif10 impulse ~, ati mean moleo- wei@t
in combustion&amber MC, The mean moleoularweightat the nozzle
exit Me was also Inoltiedfor equilibriumexpansi~.

The curvesof oombustfon-chambertemperaturefcm the uombinatlons
mnsidered reaoheda maximumnear the stoiohicmmtriomixturefor all
of the oasesexoeptfluarlne=ide, whichdid not reacha nmxlmm In
the rangeconsidered.The highestodbuetion-ohambertemperature
ohtalnedwas 5380°K for the fluorine-diboranereaotlon(figs.l(a)
and (b)). The hydrogenpermide (figsl(g)ami (h))and oxygen
(figs.l(e)- (f)) cmbi=tiom gave temperaturessubstantlall.y
lowerthan the fluorine. The combustion-chambertemperatures
readmd maxlmm ocmputedvaluesof 4750°,4022°,aml 3230°K for
fluorinecxide,oxygen,- ~ogen mr=~de, resv~tiveQ* The
nozzle-exit-temperaturemrves ofor both the frozenand the equi-
libriumexpansionsfollowa trenisimilarto thoseof the ocmbustlon-
chambertemperatured reaoha maximumIn the regionof the
stoiohiometrlcmixture.

The epecific-impulsecurvesfor all.the oomblnationsoondderti
reaohed-Immu valuesin the fuel-richregionas a resultof the
liberationof tieeh@rwm, whi~ r~u~es the avm molec~
weightof the produdtsof conibustion.The trendsof the speoific-
impulseourvesbasedon both frozen@ equilibriumexpansionsH
similar. The maximumdeviationbetweenthe equilibrium-expaneia
d the frozen-e~ ion specific-impulsevalueswas 8.08peroent

.

.
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The maximumspeoifio-impulsevaluesthatwere oaloul+tedfor
equilibria expansionare listedin the followingtable,together.—
with the mm-respondingvolumespeoif10 impulse.

oxidant I%el
(peroent

by

I Wt)

I?luorine 13.63
Fluorine 20.41
oxide

Oxygen 36.58
H@rogen 35.18 ~
peraxide

Msx@lum I volume

.322.4 I 309.8
316.2 375.3

311.4 236.7
289.0 245.3

Combustion-
chamber
temperature,T=

(%)

5240
4460

3740
2850

Beoausethe densttiesof liquids F2, F20, 02, ati H’202
are greaterthan that of liquid B2H6, the maximumVOIUUSspecific
impulseoccurredat a mixtureratioless fuelrioh than thatrequired
for mmrinuunspecifioimpulse. The generaltrendof the volume-
speoifio-impulsecurvesis simUar for both the eqtilibriuzuand
frozenexpansionsfor all the fuel-~idantcombinations.For the
fluorineccinpouuds,the mximum volme specificZmpulseoooursat
a lowerpercentageof fuelthanwas considered.The maxtiumvolume-
specifie-impulsevaluesthatwere oalmlated for equilibriumexpansion
are listedin the follwing table,togetherwith the oorresponiing—
specificimpulsevalues.

oxidant

●

~uorlne
aide

?ZLuorine
Hydrogen
perox!de

Oxygen

Fuel
(peraent

by
Wt)

MaximumVohmle specific
specific impulse, I

m ‘lb-sec/lb)

12.030 I 424.2 I 302.3

9.853 317.0 315.5
11.950 300.9 259.0

25.710
I

243.2 I 288.2 .

Combustion-
ohamber
temperature,Tc

(%)

4750

5380
3218

4022
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The mean moleoulm?weightat both the oanbustionohamberant
the exitdeoreasedas the peroentby weightof fuel inoreased. In
the ease of the H202 reaotionwith greaterthan 35 peroentfuel,
liquid B203 appearedat the exit oonditlonaml oausedthe moleoular

weightto inorease. For all propellantoonibinationsooneld.ered,
the mean molecularweightwas &m 12.0 to 1.7 peruenthigherat the
exitthan in the combustionohamber.

The oaloulatedvaluesof the variousperformanoeparametersfor
eauh of the propellantcombinationsand for severalmixtureratios
are listedin tableV.

The compositionsof the produotsof combustionin the combustion
ohamberani at the nozzleexitare shownin figure2. The mole ‘
fraotionof eaohproduotpresentIn the gas titure for eaoh of the
ocuibtnationsis plottedagainstthe peroentby weQht of fuel.

The ourvesof compositionare similarfor the oombuetion-ohamber
and nozzle-exitootiitionefor any one propellantcombination
(fig.2). The generaltretiof a givenmoleouleis the same for
all propellantocmblnations.As themixturebeoomesmme fuelrioh,
B2, B, and H2 inoreaseand l%, F, 02, and O deorease. The
molecules H20 and HF are prinoipalconstituentsthroughoutmost

of the titure range considered, but are reduoed,byboronat the
extremef’uel-richregion. The moleoules BI’3 ~ ~03 exe oca-
paratdvelyoonstantthroughoutthe rangeof mixtureratiosooneidered.
Certainmoleoulesreacha maximum(forexample,H) or a minimum(for
example,BF3) beoauseof the opposingeffectsof the variationof tem-
peratureand mixtureratio.

SUWARY OF RESUL~

Theoreticalperfcmanoe data,whlahwere based on both frozen
and equilibriume-ions, obtainedovera range of mixturesfor the
fourrocketpropellantocunbinationsof diboranewith liquidfluorine,
liquidfluorineoxide,liquidoxygen,ami 100-peroenthydrogenperoxide
at a reaotIon pressureof 20.4atmospheres(300lb/sq in. absolute)
and a nozzle-exitpressureof 1 atmosphere,are eumarlzd as follows:

1. The maxhum oaloulatedspecifio-impulsevaluesin pound-seconds
per poundfor dlboranereactingwith liquidfluorine,liquidfluorine
oxide.liquidoxygen.and 100-peroenthydrogenperoxide,were 322.4,
316.2j 3fi.4,a&-289.0, reepe~tively,f=

~

iqtiiibrium &pansim. -

.

.
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2. The mximum speeifiohpulse fcu?all the propellantoau-
binationsoocurredin the fuel-richregionat a combustion-ohamber
temperatureless thanmaximum.

3. The speoific impulsefor equilibriumexpansionwas a maximum
of 8.08percentgreaterthan that for frozene~nsion.

4. The mxdmum calculatedvolume-speoif10-impulsevalues
(lb-seo/(cuft)(62.43))for the mixturerangeconsideredwere 424.2,
317.0,300.9,and 243.2for liquidfluorineoxide,liquidfluorine,
100-peroenthydrogenperoxide,d liquido~gen, reapeotlvely,for
equilibria e-ion.

LewisFlight_OpUbiOll Laboratmy,

1.

2.

3.

4.

5.

6.

NationalAdvisoryCommitteef6r Aeronautics,
Cleveland,Ohio.
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Temperature
(°K)

1000
1100
1200
1300
1400
1500
1600
1760
1800
1900
2000
2100
2200
2300
2400
2500
2600
2700
2800
2900
3000
3100
3200
3300
3400
3500
3600
3700
3800
3900
4000
4100
4200
4300
4400
4500
4600
4700
4800
4900
5000
5100
5200
5300
5400
5500
5600
5700
5800
5900
6000

TABLE I - EmHALPY OF GASES

Enthalpy, -H;, Cal
BF3 BF BH

14,007
15,833
17,683
19,551
21,435
23,332
25,239
27,154
29,077
31,007
32,942
34,882
36,825
38,773
40,723
42,677
44,632
46,591
48,551
50,512
52,476
54,440
56,407
58,374
60,342
62,312
64,283
66,254
68,226
70.198
72;172
74,146
76~121
78,097
80,072
82,045
84,025
86,001
87,977
89,957
91,935
93,913
95,893
97,872
99,851
101,831
103.810
105;792
107,771
109,751
111.736

7,617
8,465
9,319

10.179
11;043
11,911
12,782
13;656
14,532
15,409
16,288
17,169
18,050
18,933
19,817
20,701
21,587
22,473
23,359
24,246
25,133
26,021
26,910
27,798
28,687
29,576
30,466
31,356
32,246
33,136
34,026
34,917
35,808
36,699
37,590
38,481
39,372
40,264
41,155
42,047
42,939
43,831
44,723
45,615
46,507
47,399
48,291
49,184
50,076
50;968
51.861

7 *188
7,972
8,767
9.574

10;387
11,213
12;043
12,880
13,721
14,568
15,419
16,273
17,130
17,990
18,853
19,718
20,586
21,455
22,325
23,197
24,071
24,946
25,822
26,699
27,577
28,456
29,335
30,216
31,097
31,979
32,861
33,744
34,627
35,511
36,396
37,280
38,166
39,051
39,937
40,823
41,710
42,597
43,484
44,371
45,259
46,147
47,035
47,923
48,812
49D700
50,589

10le

4,997
5,494 .
5,991
6,487
6,984
7,481
7,978
8,475
8,971
9,468
9,965

10,462
10,959
11,455
11,952
12,449
12,946
13,443
13,939
14,436
14,933
15,430
15,927
16,423
16,920
17,417
17,914
18,4U
18,907
19,404
19,901
20,398
20,895
21,391
21,888
22,385
22,882
23,379
23,875
24,372
24,869
25,366
25,863
26,360
26,857
27,354
27,851
28,349
28,845
29,343
29.840
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TABLE 11 - ENTROPY OF GASES AT 1 ATMOSPHERE

Entropy, % s cal/mole- ‘K

Temperature BF3 BF BH B
(°K)

1000 79.293 61.764 49.703 42.662
1100 81.033 62.572 50.450 43.112
1200 82.642 ~ 63.315 51.143 43.53a
1300 84.138 , 64,003 51.792 43.941
1400 85.534 64.644 52.392 44.320
1500 86.842 65.243 52.960 44.676
1600 88.073 65.805 53.496 45.009
1700 89.234 66.334 54.003 45.318
1800 90.333 66.835 54.484 45.604
1900 91.377 67.309 54.942 45,866
2000 92.369 67.760 55.378 46.105
2100 93.316 68.190 55.795 46.342
2200 94.220 68.600 56.194 46.573
2300 95.085 68.993 56.577 46.795
2400 95.915 69.369 56.944 4’7.008
2500 96.713 69.730 57.297 47.214
2600 97.480 700077 57.637 47.411
2700 98.219 70.411 57.965 47.600 ‘
2800 98.939 70.734 58.287 47.781
2900 99.620 71.045 58.588 47.955
3000 100.286 71.346 .58.884 48.119
3100 100 ● 930 71.637 59.171 48.276
3200 101.554 71.919 59.449 48.431
3300 102.160 72.192 59.719 48,582
3400 102.747 72.458 59.981 48.729
3500 103.318 72.715 60.236 48.875
3600 103.873 72.966 60.4S3 49.015
3700 104.413 73.210 60.725 40.154
3800 104.940 73.447 60.959 49.288
3900 105.452 73.678 61 ● 189 49.421
4000 105.951 73.904 61.412 49.549
4100 106.439 74.124 61.630 49.675
4200 106.915 74 ● 338 61.843 49.796
4300 107.380 74.548 62.051 49.916
4400 107.834 74 ● 753
4500

62.254
108.278

50.031
74.953 62.450 50.143

4600 108.712 75.149 62.648 .
4700 1090137

50.252
75.341 62.838 ~‘ 50.359

4800 109.553 75.529 63.025
4900

50.461
109.962 75.712

5000
63.207 50.561

110.361 . 75.893 63.386
5100

50. 65T
110.753 76.069 63.562 50.756

5200 111.138 76.243 63.734 50.852
5300 111.514 76.412 63.903
5400

50.947
111.884 76.579 64.069

5500
51.040

112.248 76,743
5600

64.232
112.604

51.131
76.903 64.392 51.221

5700 112.955 77.062 64.549 51.309
5800 113.299 77.217 64.704 51.395
5900 113.637 77.369 64.856 51.480
6000 113.972 77.519 65.005 51.564

.
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TABLE 111 - FREE-ENERGY FUNCTION OF GASES

.

.

% - %
Free-energyfunctionof gases,- — ‘J!

aal/mole- ‘K
Temperature BF3

(w
BF BH B

1000 65.286 54.147 42.515 37.665
1100 66.639 54,876 43.203
1200

38.115
67.907 55.549

1300
43.836 38.544

69.098 56.173 44.428
1400

38.949
70.223 56.756 44.971

1500
39.329

71.288 57.302 45.485
1600

39.689
72.299 57●816

1700
45.969 40.021

73.261 58.302 46.427
1800

40.331
74,179 58.762 46.861

1900
40.619

75.057 59.199 47.275 40.881
2000 75.898 59.616 47.669
2100

41.123
76.705 60.014 48.046

2200
41.358

77.481 60.395 48.408
2300

41.592
78.228 60.761 48.755

2400
41.814

78.947 61.111 49.088
2500 79.642

42.026
61.449 49.409

2600
42.234

80.314 61.774 49.719
2700

42.431
80.963 62.088 50.019

2800
42.621

81.600 62.391 50.313
2900 82.202

42.802
62.684 50.589 42.977

3000 82.794 62.968 50.860 43.142
3100 83.369 63.243 51.134
3200

43.297
83.927 63.510 51.379 43.454

3300 84.470 63.768 51.628
3400

43.606
84.999 64.020 51.870

3500
43.753

85.515 64.265 52.105 43.899
3600 86.017 64.503 52.335
3700

44.038
86.507 64.735 52.558 44.178

3800 86.985 64.961 52.776
3900 87.452

44.314
65.182 52.989

4000 87.908
44.446

65.397 53.197 44*574
4100 88.354 65.607 53.400
4200 88.791

44.700
65.813 53.598 44.820

4300 89.218 66.013 53.792 44.941
4400 89.636 66.210 53.982 45.056
4500 90.046 66.402 54.166
4600

45.169
90.446 66.590 54.350

4700
45.278

90.839 66.774 54.529 45.384
4800 91.224 66.954 54.704 45.487
4900 91.603 67.131 54.876 45.587
5000 91.974 67.305 55.044 45.683
5100 92.339 67.475 55.210 45.782
5200 92.697 67.642 55.372 45.879
5300 93.048 67.806 55.531 45.973
5400 93.393” 67.967 55.688 46.066
5500 93.733 68.125 55.842
5600 94.067

46.158
68.280 55.993

5700
46.247

94.395 68.433 56.142 43.335
5800 94.718 68.583 56.288 46.422
5900 95.036 68.730 56●432 46.507
6000 95.349 68.876 56.574 46.590

- —
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—

PEY21CAL-CREMICAL PROPERTIES OF PROPRLhW1’S

lTemperatures in s.perscrlDts. ‘C. Raferenoes in parentheses
1

Enthalpy of

formation, AR

(k-calhole )

Bnthalpy of

LzaX~-AH

(k-cal/mole )

V1.gcoaity

(oentlpoises)
Refiaotiva

hldex

w

Diborane

(gas )

.M25

(3)

3.118

(15)

-22.5 -163.5 212.23-11’

(2) (2) (16)

---------- ------------

(liquid) (gas )

Fluorine 3s.0001.14-2@J 026

(16)

(gaB )

1.00019520
(2)

1. 60-lW
(15)

-----------

Fluorine
Oxide

Oxygen

(liquid)

1.90 -223.8

(2)

(gas )

5.525

(14)

2,&-144. S

(14)

54. WO

32.000

---------- ------------

(Mquld)

1.14-1~

(gas )

025

(llquld)

1.221 -lf31

(16)

(liquid)

1.413922

(13)

(liquid )

1. 629-1=

(15)

11.6118

(M)

-183.0 -218.4 760-182.~ O. Ieg-252*07
(96~)

(16 )

(liquid)

(2)

(liquid )
*(liquid)

Hydrogen 34.016 1.436= -45.218

peroxide a(13) (15) xLElz-,
1.30718

(13)

aExtrapolated.

I

6201 I
,

. .
i



Fuel
(Pept

weight )

9.66
alo .6s
1.3.63
16.69
17.11
19.54
2s .!29

, J

TA2LE v - CALCDLA~ PESFORMAHCE OF D120SA32

- Ccaubua thn-
pe!%lt ohambor “
d%g%~ tem&Orature

00) (%)

-L-
1.005 5W3
.993 6374
.961 5240
.928 4SKM
.924 4236
.900 44s7
●w15 4040

Mean
moleoulmw
Welgbt in
oanbuotion
chamber,

7(grain/mole

24.00
25.53
22.23
20.s0
20.62
19,72
18.76

FrOma expmlon EquiMbrl~ axpuisicm

Spedflo volume Temper- Speoifh
impulse, I Speatilo ature at impnlee, I atlnw at moleoular
(lb-sao/lb) hpU19e, Id nozzle (lb-sao/lb)

Ib-seo
M-J “l%)Te

I I I I I I man)’

2s9.s
222.s
r!za:o
Z26.7
298.1
223.7
22J3.5

2s6.s
8’?7.3
275.5
264.3
949.6

2665
2667
2640
24Sl
2451
2227
21J.O

315 ;5
317.4
322.4
31a.4
317.9
31J?.9
307.1

317.0
316.2
309.e
895.6
W33.7
281.6
265.6

4870
429a
4113
3630
3600
33s2
3122

2s.67
26.30
24.69
a2 .73
.22.6a
21.6S
20.66

12.03
a14.60
20.41
22.61
26.40

20.61
azz .32
25.n
32.90
36.56
38.s2

--1-
1.403 4730
1.329 4701
l.lav 4460
1.143 4302
1.065 4MJ7

23.03 220.0 392.8 2432 3CG3.3 424.2
S!1.97 286.0 360.1 !a440 309.2 410.9
19.23 ~95.o 350.8 2373 316.2 375.3
19.22 295.3 337.4 2315 314.7
1s.49

359.6
223.6 310.7 8216 311.3 336.0

3737 I 25.la

W!&
%%+02

0.890 3963 23.92 261.5 S32.4 243a 27’0.9 241.0

.873 3902
5X39

23.10 267.5
S6.06

253.6 2462 278.2 242.8 3170 25.16
.644 40s2 21.60 278.3 234.8 8475 Zaa.l? 243.2

.7ss 3915
S176

X3.42
23.36

295.4 232.3 30603 840.1
.760 3740 17.11 229.9

19.78
227.9 22.40 311.4

.743
236.7

3500
2230

16.47
1.E.21

224.7 219.5 21M3 303.5 226.1 2481 17.27

EQEs+FI#J

7.63 1.250 2668
all.96

22.42 2341.6 266.2 17s0 234.9 293.6 1268
1.161 2.210

22.=
21.41 251.2 291.7 2042 :;;:: 300.9

21.34
2467

l::g 3204 17.99
22.56

271.7 274.2 1360 260.0
28.23 So20

elw
15.69

I&so
221.2 266.7 1.614 2243 259.6 1231

35.12 .S46 2646

15.26
14 .I.6 2a6.a 241.9 1672 2S9.9 243.4

37.3s .225 8473 13.60
1229 14.69

270.2 223.0 1422 270.2 230.4

%toiohlctuetrlo mixture “ +
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, 5400

P \
6200

I

I
.6000

*
I

\
4200

I
\ 4600

\ 4400

I
.1

\
4200

t \ 4000
— \

I
\ \

I

1

I
l–Stoiolxh4aetrlo ratio

I

I

28

- —\ J

ii 2’
l\

I
:~24 \

&a

&22
— F \ -.

\

l-l
i 20 I \

i
I

g la
~ .

6 ?3 10 12 14 16 16 eo 22 24
FUel in mixture, peroentby wei@

(a) Liquid fluorine F~; equilibrium8~8nSiOZh

Figure 1. - ~eoretlonl
oxide,llwidoxygen,
20.4 to 1 atmosphere.

perfonnenoe of diborene with liquld
and 100-peroenth@rogen peroxide.
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.
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Imntropio expemion from
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300

280

280

270

260

240

6400

I

‘1 \ “
5200

5000

I \
4s00

.

4600

4400

I \ 4200

4000
~stoiohiomtrio ra

I
\

‘ 1- > \

\

\

\

26

24
\

— \

22

I =s=
20 \

18
8 10 12 14 16 18 20 22 24

Fuel in mixture, percent by weight

(b) Liquid Kluorlne F2; frozen expsnaion.

Figure 1. - Continued. Theoretlaal Perrormanoe of diborane with
liquld rluorine, l%quld rluorlne oxide, llquid oxygen, and 100-
peronnt hydrogen peroxide. Isentropio expens~on rrom 20.4 to
1 atmosphere.

2200 *
~

2000

.



18

.a
: H 360

NACA RM No. E8117a
.

.

4600

I 4600

I
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I
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I

[
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I
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22 I .

20
/ ‘1 e \ \

18
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-ii

.

●

10 3.2 14 16 1S 20 22 24 26
Fuel lnmlxture, peroentby veiet

(o) Liquid fluorineoxide F20s equtli-
brlua e~enalono

Figure 1. - Oontinued. TheoretiotiPeti~ e of diborenewith llquld fluortne,llquid
fluorineoxide, I.lqtidoxyge% and 100-Peroent4dro&mperoxide.Isentroptoexpanalou
from20.4to1 atawsphere. *

.

S!F5i%3iiww!ii!l



NACA RM No. E8f 17a

I 1 1 1 t 1 I I 1 1 1 , I (4600

19

,
1

t

I
\

I N
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—Stdohiometrlo ratio
\

l\
- —

\

I
\

1

I

I
\ ,

1’ ~ s- “
24

/

22

m 1 <
ao

I
18 ysy
10 = 14 16 18 20 122 24 26

Fuel in mixture, peroent by weight
(d) Llquld fluorine oxide F20; frozen

e~ansiono

e 1. - Continued. TheQretiealperformanceof dlborane w%th liquid i%aerlue,liquid
'i%%rine oxide, liquldoxygen, andlOO-peroent by6rogamperoxMe. ~nentropia expan~%on

Sran 20.4 to 1 ●tmosphere.
.
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●

(e) Liquid oxygen ~; eqtilibritaa expamion.

Fl~e 1. - Continued. Theoretical performance of cliboranewith liquid fl.uo~lne, liquid
fluorlneoxide, liquld oxygen,and 100-peroenthydrogenperoxide. Saentropioexpansion
from 20.4 to 1 atmosphere.
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20 22 24 26 28 SO 32 34 36 S8 40
Fuel in titvre, peroentb~ we5.@t

(r) LZquid o~gen ~; frosen expmaion.
Theoretlealperformanceof dlborenewith liquld fluorine,liquid

‘i~~~e-~~~~y&Ld o~ga, and MO-p.roonthydrogenperoxide. IsentropLeexpansion
frcm 20.4 ta 1.●tmosphere.
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~Stoiehiometriu ratio ‘ -\

1-

6 10 14 18 22 26 30 34 38

Fuel in mixture,percentby weight

(g) Hydrogenperoxide (100-peroent) H202; equili-
brium expanaion. .

Figure 1. - Continued. Theoretical perf’ormence ’of diborene with
llqufd rluorine,llquld~luorlneoxide,liquidoxygen,end100-
peraenthydrogenperoxide.Iaentropioexpansionfrom 20.4 to
1 atmosphere.
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23

.

Fuel in mixture,peroentby nelght

(h) Hydrogen peroxide (100-peraant ) E902;

frozen expana%on.

Figure 1. - Oonoluded. Theoretiml performanceof dlboranewith
llquid f’luorlne,lIqul~ fluorine oxide, liquid oxygen, and 100-
peruent hydrogen peroxide. Isentrople eqauaion from 20.4 to
1 at!noaphere.
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Fuel in mixture, percent by weight

(a) Liquid fluorine F2; combustion-chamber

conditions.

Figure 2. - Composition of produots of reaction of diborane with
liquid fluorine oxide, liquid oxygen, and 100-percent hydrogen
peroxide.
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.8 Stoichiometrlc ratio
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*
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.008
2 .006
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i

.0008 I

.0006

● 0004 !

.0003
I

.0002

I.0001 / 2

8 10 12 14 16 18 20 22 24
Fuel In mixture,percentby weight

(b) Liquid.fluorine F2; equilibriumnozzle-
exit conditions.

Figure 2. - Continued. Composition of products of reaction of
diborane with Mquld fluorine oxide~ liquid OxYgenY and 1oo-
100cent hydrogen peroxide.
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Fuel in mixture, percent by weight

(c) Liquid fluorine oxide F20; comb-
ustion-chamber conditions.

Figure 2. . Continued. Composition of products of reaction of
dlborane with liquid fluorine ox3.de, liquid oxygen, and 100-
percent hydrogen peroxide.
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(d) Liquid i?luorlne oxide F20; equi-
librium nozzle-exit conditions.

Figure 2. . Continued. Composition of products of reaction of
dlborane with liquid fluorine oxide, liquid oxygen, and 100-
percent hydrogen peroxide.
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(e) Liquid oxygen 02; combustion-chamber conditions.

Figure 2. - Continued. Compositionof’productsof reactionof
diboranewith liquidfluorineoxide,liquidoxygen,and 100-
percent hydrogen peroxide.
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Figure 2. - Continued. Composition of products of’reaction of
diborane with llqufd fluorine oxide, liquid oxygen, and 100-
percent hydrogen peroxide.
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Figure 2. - Continued. Composition of products of reactton of
diborane with liquid fluorlne oxide, liquid oxygen, and 100.
percent hydrogen peroxide.
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Figure 2. - Concludeaa Composition of products of reaction of
dlborame with liquld fluorine oxide, liquid oxygen, and 100-
percent hydrogen peroxide.


